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The inhibition effect of hexamethylenetetramine on mild 
steel corrosion in hydrochloric acid solutions has been 
examined by means of an electrochemical polarization measure-
ment and the surface observation of corroded specimens. The 
magnitude of corrosion current density was considerably 
large in 5 v/o HCI solution without inhibitor, i.e., 
1.15x10- 3 A/cm2 , but it was reduced effectively to 1.45x10-4 
A/cm2 even in the inhibitor concentration of 10 ppm. It can 
be concluded that the charge transfer reaction, i.e., 
Fe~Fe2+ + 2 e and H+ + e~H are inhibited simultaneously 
and individually by the organic adsorption film at the 
metal/solution interface and consequently the corrosion-rate 
of the steel is reduced effectively in HCI solution. 
1. Introduction 
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Hydrochloric acid has been widely used in pickling and in descaling 
for various industrial equipments because of its strong dissolving 
action. At the same time, organic inhibitors have been developed and 
used to minimize the acid attack on the metal during the operation 
which caused undesirable results such as the excessive consumption of 
acid, destructing valuable metal and enlarging surface roughness of 
the metal (1,2). Therefore, it is important and significant to make 
clear the action'and the function of inhibitors already used and what 
will be utilized in acid cleaning processes. 
In the previous paper (3), the corrosion behavior of mild steel 
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was examined in hydrochloric acid solutions with thiourea, hexa-
methylenetetramine or N,N'-dicyclohexylthiourea through hydrogen-
evolution measurements. Then, the inhibition effect of the inhibitors 
was discussed on the basis of the data on corrosion-rates, inhibitor 
efficiencies and also the surface profiles of corroded steel. It has 
been found by this work that hexamethylenetetramine will act as an 
excellent inhibitor. 
The present work has been carried out to make clear the inhibitor 
effect of hexamethylenetetramine by means of an electrochemical pola-
rization method. The data obtained have been discussed in connection 
with those in the previous paper (3). In addition, the temperature 
Qependence on the inhibition effect of hexamethylenetetramine has 
been examined in part through the variation of surface profiles of 
corroded steel. 
2. Experimental 
A mild steel was used as the test material in this experiment. 
Table 1 shows the percentage of carbon and of elements other than 
iron present in the steel. The test piece was 30 mm width, 42 mm 
length and 4 mm thick, and being fixed on a plastic holder as shown 
in Fig.l. Before testing, the test piece was polished with 600 grade 
emery-paper and then the four sides and an upper part of the piece 
were coated using Fullon-mask, which formed an acid-resistable film 
on the piece. The exposed area of the test piece, i.e., the test 
Table 1 Elemental analysis(%) of test material 
c 31 Mn p s 
0.13 0.0026 0.44 0.012 0.026 
Fig. 1 A test piece and electrode used 
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electrode was 10.5 cm2 . 
As test solutions, 300 ml of 5 vlo HCl solution was used with or 
without hexamethylenetetramine, whose concentration was varied in the 
range of 10-1000 ppm in the solution. 
Polarization measurements on the test electrode were carried-out 
by recording the potential response of the electrode to constant 
current steps using the apparatus shown in Fig.2. A thin graphite 
plate (99.99%, 60 mm x 100 mm) was used as a counter electrode, SCE 
as a reference electrode, whose potential is 0.241 V vs. NHE. The test 
solutions were kept at 20°C or 50 °C. The principle of the measure-
ment will be introduced later. The surface roughness of corroded 
specimens was measured by means of a Jalysurf 10 surface profile meter. 
1 iWorking electrode 
2iCounter electrode 
3iReference electrode 
4iSalt bridge (KCl) 
r-------------------~ Galvanostat 
4 
2 ~ 
X-y 
recorder 
Fig. 2 Appratus of polarization measurement 
3. Results and discussion 
A simple discussion is described here on the relationship of 
current-potential for the test piece in~ersed in 5 vlo RCI solution 
(4,5). Under the condition without any external actions, the piece 
dissolves spontaneously with hydrogen evolution in the solution. The 
rate of corrosion will be given directly by the rate of iron-disso-
lution, which corresponds"to the corrosion current. While, a potential 
will generate at the iron/solution interface. This may be termed the 
corrosion potential, Ecor Fig.3 shows a schematic illustration for 
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the estimation of E and I . It follows that at the corrosion 
cor cor 
potential, i+ (Fe)=i_(H)=i
cor 
~ where, i+(Fe) is the partial current 
density for the iron-dissolution, i_(H) is that for the hydrogen-
evolution and icor is the corrosion current density. The magnitude of 
> 
Er(H) 
rl E 
cd cor 
'''; 
+' 
s:: Er(Fe) Q) 
+' 
0 
p.. 
log i 
cor 
Fe-Fe 2+ + 2e 
Current density. log(i/Acm 2 ) 
Fig. 3 Schematic illustration for estimation of 
Ecor and icor by extrapolation method 
Ecor and icor can not be measured directly, but n~y b~ estimated from 
the partial polarization curves, i.e., i+(Fe)~ E curve and i_(H)~ E 
curve. 
Now when a net current is flowed between the test electrode and 
the counter electrode through the solution using the apparatus shown 
. . 2 .. 2+ 2' 1 d In Flg. as the de-electronatlon, l.e., Fe4Fe + e lS acce erate , 
the potential of the test electrode polarizes toward anodic direction. 
In the case of the polarization, Tl> 0.05 V, the rate of the reaction 
opposed by the polarization, i.e., the rate of Fe 2+ + 2 e-+Fe will be 
reduced to negligible proportions and consequently, the anodic polari-
zation curve for Fe-+Fe 2+ + 2 e will agree with the i+(Fe)~ E curve. 
Similarly, the agreement of the cathodic polarization curve and 
i_(H)~E curve will be found by accelerating the electronation react-
ion, i.e., 2H+ + 2 e~H2. Therefore, the position of Ecor and the 
magnitude of icor will be determined from the extrapolation of the 
straight section in the E~log i curve(see Fig.3). This linear part 
corresponds to Tafel equation 1 
/ ~ / = / E - Ecor / a + b log i 
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a = (2.3RT/o<ZF) log iO ' b = 2. 3RT/()(ZF 
where iO is exchange current density, ~is transfer coefficient, Z is 
number of eleGtron, F is Farady constant, R is gas constant, and T is 
absolute temperature. 
Next, in Fig. 4 are summarized E ,-J log i curves obtained at 20 DC in 
this experiment. The Tafel relation was established in all polariza-
tion curves and the value of b for the anodic reaction was about 
0.075 V/decade, which was not so far from the theoretical value, 
0.06 V/decade, and that for the cathodic reaction was about 0.12 
V/decade, which was agreement with the theoretical value for 
H+ + e~H (4). The position of the corrosion potential, which was 
determined as the intersection of the anodic and cathodic Tafel line, 
was - 0.245V vs NHE. This position was independent of the concentra-
tion of hexamethylenetetramine in the solution. 
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Fig. 4 Polarization curves for mild steel in 5% HCl solution 
with or without hexamethylenetetramine 
In Table 2 are listed the corrosion current density, icor ' the 
rate of corrosion, Rl and the inhibitor efficiency, 6 1 (%) estimated 
from the electrochemical data together with those obtained from the 
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hydrogen-evolution measurements (3). The rate of corrosion, R1 was 
calculated from the values of icor as /mAh corresponds to 104 
mg/dm2 .hr and the inhibitor efficiency was calculated from the 
equation, 
e (%) = (RO - R1 ) / RO X 100 
where RO is the corrosion-rate in the absence of inhibitor and R1 is 
that in the presence of inhibitor. 
Table 2 Comparison of corrosion current density and. rate of 
corrosion for mild steel in 5v/o HCl solution 
Electrochemical Chemical 
Inhi bi tor 
(ppm) i Rl E:l R2 e:2 cor 
(A/cml) (mg/dmlhr) (% ) (mg/dmlhr) (% ) 
0 1.15 x10-3 119.0 0 212 0 
10 1.45 x10-'+ 1 5.1 87 46 78 
500 9.3 x10- s 9.7 91 9 96 
1000 7.0 x 10 -5 7.3 94 6 97 
Rl and E:l Ca1ucu1ated from the data on i in this experiment cor 
Rl and E:l Estimated from the data on hydrogen-evolution 
measurements 
The magnitude of icor was considerably large in sv/o Hel solution 
without inhibitor, i.e., 1.lsx10-3 A/cm2 , but it was reduced 
effectively to 1.4sx10-4 A/cm2 even in the inhibitor concentration of 
10 ppm. As can be seen in Table 2, the values of Rl and e 1 obtained 
electrochemically were found to be compatible with those of R2 and E2 
estimated from the hydrogen-evolution measurements (3) . 
The relationship between the electrochemical polarization behavior 
of the steel and the inhibition effect of hexamethyleneteramine whose 
chemical formula is shown in Fig.s, was discussed using Evans 
diagrams, i.e., Fig.6. It is assumed in Fig.6 that the exchange 
N 
zHC~CHz 
//2)'CH,J 
:N N: 
~CH z 
Fig. 5 aexamethylenetetramine 
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current density for the de-electronation reaction,i.e., Fe~Fe2+ + 2 e 
and/or that for the electronation reaction,i.e., 2(H+ + e--+H)-;H2 
are variable, but the Tafel slopes for the both reactions are in-
variable. In the case of (b) and (c), as the exchange current density 
for either reaction reduces by the addition of inhibitor, the 
corrosion current density becomes small and at the same time, the 
posi ive 
E cor 
Log I I I 
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log 
log 
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cor I : 
I~or-: 
Icor--' 
LoglII 
(d) mixed control 
positive 
E cor 
EI 
cor 
with inhibitor 
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Fig. 6 Illustration for inhibition effect by Evans diagram 
corrosion potential shifts either negative(b) or positive direction 
(c). In the case of (d), as the exchange current densities for the 
both reactions reduce simultaneously and individually with nearly 
same extent, the' corrosion potential is kept nearly constant, though 
the corrosion current density reduces with increasing inhibitor 
concentrations. The polarization characteristics observed in this 
experiment corresponds to this type, (d), i.e., mixed control. Now, 
hexamethylenetetramine has functional groups with N atom having lone 
electron pair and also hydrophobic groups in its molecule as shown in 
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Fig.5. The electrochemical data indicate that this organic inhibitor 
b f 
.. 2+ 2 is a le to control the charge trans er react1.on, 1.. e., Fe~ Fe + e 
and H+ + e ~ H (not two electron reaction) by adsorbing its functional 
group onto the anodic and cathodic areas on the corroding metal and 
by retarding the diffusion of water to the metal surface with its 
hydrophobic group, and consequently the corrosion of the steel in Hel 
solution is inhibited effectively. 
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Fig. 7 Surface profiles of corroded specimens in 5% HCl with or 
without hexameth~l~ntet~amine 
The surface profiles of the corroded specimens tested at 20°C 
for 1 hr or at 50°C for 20 min are shown in Fig.7. No significant 
difference in the surface roughness was found by rising test 
temperature from 20°C to 50 °C in the solution containing over 
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50 ppm of the inhibitor. This shows that hexamethylenetetramine acts 
as an effective inhibitor even at 50°C in 5 v/o HCl solution. 
4. Conclusion 
The inhibition effect of hexamethylenetetramine on the corrosion 
of mild steel in 5 v/o HCl solution was examined by means of the 
electrochemical polarization method. The magnitude of corrosion 
current density was considerably large in 5 v/o HCl solution without 
inhibitor, i.e., 1.15x10- 3 A/cm2 , but it was reduced effectively 
to 1.45x10- 4 A/cm2 even in the inhibition concentration of 
2+ 10 ppm. The charge transfer reactions, i.e., Fe---tFe + 2 e and 
H+ + e--7H are inhibited simultaneously and individually by the 
organic adsorption film at the metal/solution interface. 
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